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General Introduction
Water deficits occur when water lost by evapotranspiration exceeds the amount
of water taken by roots from the soil. If water deficit is prolonged to a point that
produces penalties to plant growth and development, we are in the presence of drought
stress. Drought tolerance is defined as the ability of some genotypes to minimize yield
loss under suboptimal soil-water availability (Sadiq et al., 1994).
Three major drought patterns are recognized around the world (Rajaram et al.,
1996). In Mediterranean regions, winter rains give most of the available water and
deficits are present during the grain filling period. In South America, deficits occur
before anthesis but rains usually increase during grain filling. The third pattern is
present in the Indian Subcontinent where crops use water stored in the soil from the
previous season, and stress can be present during most of the growing period.
Improving drought tolerance in wheat has been a major goal in breeding
programs, since in most regions of the world, there are waterdeficits during some part
of the growing season (Moustafa et al., 1996). Breeders have been effective in
increasing yields under highly productive cultivated areas, but itis generally
recognized that genetic gains are more difficult to achieve in agricultural lands where
environmental factors such as high temperature and low water availability are present
(Rajaram et al., 1996; Blum, 1996). Nearly 32 % of the wheat produced in developing
countries is grown under varying levels of drought stress (Rajaram et al., 1996). Thevarying nature of drought and the complexity of the geneticcontrol of plant responses
to water deficits determined the modest successin developing high yielding cultivars
under water-limited environments (Sadiq et al., 1994).
Physiological Responses to Drought Stress
The mechanisms of adaptation to drought stress can bedivided in three
categories: i) drought escape, ii) drought tolerance with highplant water potential
(dehydration postponement), and iii) drought tolerance with lowplant water potential
(dehydration tolerance) (Turner, 1986). Drought escape isdefined as the ability of
plants to complete life cycle before the onset of severe waterdeficits, and it has been
exploited in breeding programs by matching the phenology of the genotypeswith the
rainfall patterns (Slafer and Araus, 1998). Dehydration postponement canbe achieved
by increasing water uptake, where root depth and density arethe major factors.
Additionally, dehydration can be postponed by reducing water lossthrough
adjustments in the stomatal conductance, decrease in leaf area, and leafrolling.
Reducing water losses at times of the day when the evaporative demandis large may
lead to a better water use efficiency, and photosynthesis maycontinue during the
morning or late afternoon when the evaporative demand is lower (Turner,1986).
Dehydration tolerance can be achieved by maintaining turgor throughosmotic
adjustment or by desiccation tolerance related to the ability of cells toavoid membrane
and protein degradation.3
Reduction in cell division and cell expansion, vegetative and reproductive
growth, photosynthesis, leaf water potential, pollen viability and seed set along with
stomatal closure, alteration of gene expression and abscisic acid concentration are
some of the morphological, physiological and biochemicaladaptations observed as a
response of plants to drought stress (Quarrie, 1981; limes et al., 1984; Zeng and King,
1986; Quarrie et al. 1988). An observed biochemical response to a range of abiotic
stresses, including drought stress,is an increase in the abscisic acid (ABA)
concentration (limes et al., 1984; Quarrie et al., 1994; Blum and Sinema, 1995). This
accumulation is generally recognized as an adaptation of plants to stress (Lu et al.,
1989; Blum and Sinema, 1995; Blum, 1996) and exogenous application of ABA to
non-droughted plants mimic many of the induced responses to drought (Quarrie and
Jones, 1977). ABA is believed to act as a messenger that conveys a low water signal to
initiate mechanisms that maintain physiological and cellular integrity in the plants
(Campbell and Close, 1998).
Dehydrin Proteins
Although overall protein production declines under drought stress, some
specific proteins increase their concentration (Lahibilili et al.1995). An observed
biochemical response to a range of dehydrative abiotic stresses including drought,
salinity, or extracellular freezing, is the accumulation of a family of specific proteins
called dehydrins. Dehydrins, also known as late embryogenesis abundant (LEA) Dli
proteins (Dure, 1993), represent an inmunologically distinct family characterized by a4
consensus amino acid sequence(EKKGIMDKIKELPG) near the carboxy terminus
that is known as the "K" segment (Close et al., 1993). Thereis a variable number of K
segments from one to 11 copies (Close, 1996). Generally,there is a high level of
conservation of the K segment in angiosperms. Using the single letterabbreviations
for amino acids, this conservation, analyzed in 68 angiosperms can berepresented as
follows (Campbell and Close, 1997):
E601K681K62G66139MI40D37K.68'67'(68E55K.67L57P63G68
H4 E6S2F12 L16E30 V1 DQihoH3
Q2 M7V6G1 Q2 F1T1
V6A4 L1
L411
T1
where numbers represent the occurrence of each amino acid.
Many dehydrins also posses a tract of Serine residues called the "S" segment
and another consensus amino acid sequence (V/T)DEYGNP, known asthe "Y"
segment may also be present near the amino terminus. Tofacilitate the description of
the different kinds of dehydrin proteins, a YSK nomenclature based on the occurrence
of the three conserved sequences is used. Using this YSK shorthand, five typesof
dehydrins are recognized (Close, 1996). TheYSK2type, the K type, the KS type,
the SK type, and the Y2K type.5
Antibodies prepared against the K consensus sequence have been used and
dehydrin proteins have been identified in at least 30 diverse plant species (Close et al.,
1993; Campbell and Close, 1997).
Abscisic Acid and Dehydrin Expression
Many morphological and physiological adaptations to water stressare
presumed to be under the control of the plant hormone abscisic acid. Dehydrin gene
expression is in many cases linked to the increased concentration of ABA acid
experienced by plants under drought stress, and are also responsive to exogenous ABA
applications (Dure et al., 1989; Cellier et al., 1998; Labhilili et al., 1995; Danyluk et
al., 1994; Close and Chandler, 1990). However, in some cases, ABA is responsible
only for a low level of induction followed by a specific high induction in response to
increasing stress conditions, suggesting that other specific factors are also needed to
trigger dehydrin expression (Campbell and Close, 1997). Additional factors other than
ABA were suggested in the regulation of HaDhnl dehydrin gene in a drought tolerant
inbred line of sunflower (Cellier et al.,1998). Still et al. (1994) analyzed the
development of desiccation tolerance in rice (Oriza sativa L.) and in wild rice [Zizania
palustris var interior (Fasset) Dore] and no relation was found between ABA and the
expression pattern of dehydrin proteins. Additionally, the observed levels of HaDhnl
transcripts were independent of the ABA concentration in a wilty mutant (w- 1)
sunflower line (Giordani et al., 1999).Dehydrin Proteins and Stress Tolerance
Dehydrins are expressed in different plant tissues including roots, leaves,
coleoptiles, seeds and crowns (Close et al., 1993; Houde et al., 1992) and some were
found to be associated with dehydrative stress tolerance. Houde et al. (1992), reported
an association between the presence of aspecific dehydrin (WSC 120) and freezing
tolerance in eight species of gramineae. Zhu et al. (2000) found a higher expression of
dehydrin genes in the development of freezing tolerance in a more tolerant barley
(Hordeum vulgare L.) cultivar (Dicktoo) than in a less tolerant one (Morex).
Tolerance to chilling temperatures was also suggested to be associated to the presence
of a 35 kDa dehydrin in cowpea [Vigna ungiculata (L.) Waip] (Ismail et al., 1997).
Using two sub lines with similar genetic background, one possessing and one lacking
the 35 kDa dehydrin, they showed an association between the presence of this
dehydrin and chilling tolerance during emergence. Lim et al. (1999), also found a
positive association between cold hardiness and a dehydrin protein in Rhododendron.
Cellier et al. (1998), using two sunflower (Helianthus annus L.) inbred lines, one
tolerant and one susceptible to drought stress, showed a higher accumulation of
mRNA transcripts corresponding to HaDhnl and HaDhn2 genes in the tolerant line
that was associated with cellular turgor maintenance under drought stress. Although
the specific role of dehydrins remains unknown (Campbell and Close, 1997), it has
been hypothesized that they act synergistically with solutes to stabilize membranes
and proteins against denaturation (Close, 1996; Asghar et al., 1994).7
Based on their physical properties, a proposed role as stabilizers of membranes
and macromolecules in the cytoplasm has also been proposed (Campbell and Close,
1997). An interaction between dehydrins and membranes was suggestedin
Arabidospsis byin vitro studies of freezing tolerance (Tomashow et al., 1996).
Moreover, Danyluk et al. (1998) provided evidence of the accumulation of the
WCOR41O dehydrin protein near the plasma membrane during cold acclimationof
wheat, and suggested a protective role of the plasma membrane in plants subjected to
stress. Despite the fact that the specific role remainsunknown (Campbell and Close,
1997), significant progress has been achieved and as more dehydrin genes are mapped
and sequenced and their expression pattern studied, the opportunities to usedehydrins
in improving the genetic adaptation of plant to drought stress will increase.Chapter 1: Adult Plant Experiments
Introduction
Drought stress is one of the most important environmental factors that affect
plant growth and production (Johnson and Brown, 1977). Breeders have been effective
in increasing yields under highly productive cultivated areas, but it is generally
recognized that genetic gains are more difficult to achieve in agricultural lands where
environmental factors such as high temperature and low water availability are present
(Rajaram et al., 1996; Blum, 1996). The varying nature of drought and the complexity
of the genetic control of plant responses to water deficits determined the modest
success in developing high yielding cultivars underwater-limited environments (Sadiq
et al., 1994).
Three major drought patterns are recognized:late drought common in
Mediterranean regions, early drought found in Latin America, and production based
on the water accumulated from the previous seasonin part of Australia and in the
Indian subcontinent. The Pacific Northwest, is an important region for winter wheat
production in the USA that is characterized by a Mediterranean climate with water
deficits rising in spring and increasing in severity at anthesis and throughout grain
filling (Donaldson, 1996).
Improving drought tolerance in wheat has been a major goal in breeding
programs because most regions of the world are subjected to waterdeficits during
some part of the growing season (Moustafa et al., 1996). In the Pacific Northwestofthe USA (PNW), winter wheat relies on water stored in the soil during the fallow
period plus additional water received in fall and winter, but water deficits are usually
present at anthesis and during grain filling. Thus, improving thegenetic adaptation of
wheat to drought stress is also one of the main objectives for wheat breeding programs
in the PNW.
Reduction in cell division and cell expansion, vegetative and reproductive
growth, photosynthesis, leaf water potential, pollen viability and seed set along with
stomatal closure, alteration of gene expression and abscisic acid concentration are
some of the morphological, physiological andbiochemical adaptations observed as a
response of plants to drought stress (Quarrie, 1981; Irmes etal., 1984; Zeng and King,
1986; Quarrie et al. 1988). Although the overall protein production declines under
drought stress, some specific proteins increase their concentration (Lahibilili et al.
1995). An observed biochemical response to a range of dehydrative abiotic stresses
including drought, salinity, or extracellular freezing, is the accumulation of a family of
specific proteins called dehydrins. Dehydrins, also known as late embryogenesis
abundant (LEA) Dli proteins (Dure, 1993), represent an inmunologically distinct
family characterized by a consensus amino acid sequence (EKKGIMDKIKELPG)
near the carboxy terminus (Close et al.,1993). Antibodies prepared against this
consensus sequence have been used and dehydrin proteins have beenidentified in at
least 30 diverse plant species (Close et al., 1993; Campbell and Close, 1997).
Dehydrins are expressed in different plant tissues including roots, leaves,
coleoptiles, seeds and crowns (Close et al., 1993; Houde et al., 1992) and some were
found to be associated with dehydrative stress tolerance. Houde et al. (1992), reported10
an association between the presenceof a specific dehydrin (WSC12O) and freezing
tolerance in eight species of gramineae. Zhu et al. (2000), found a higher expression of
dehydrin genes in the development of freezing tolerance in a more tolerant barley
(Hordeum vulgare L.) cultivar (Dicktoo) than in a less tolerant one (Morex).
Tolerance to chilling temperatures was also suggested to be associated to the presence
of a 35 kDa dehydrins in cowpea [Vigna ungiculata (L.) Waip] (Ismail et al., 1997).
Using two sub lines with similar genetic background, one possessing and one lacking
the 35 kDa dehydrin, they showed an association between the presence of this
dehydrin and chilling tolerance during emergence. Lim et al. (1999), also found a
positive association between cold hardiness and a dehydrin protein in Rhododendron.
Cellier et al. (1998), using two sunflower (Helianthus annus L.) inbred lines, one
tolerant and one susceptible to drought stress, showed a higher accumulation of
mRNA transcripts corresponding to HaDhnl and HaDhn2 genes in the tolerant line
that was associated with cellular turgor maintenance under drought stress. Although
the specific role of dehydrins remains unknown (Campbell and Close, 1997), it has
been hypothesized that they act synergistically with solutes to stabilize membranes
and proteins against denaturation (Close, 1996; Asghar et al., 1994).
The purpose of this research was to test the hypothesis that dehydrin
expression is related to drought stress tolerance in cultivars adapted to the PNW. This
was accomplished by characterizing dehydrinexpression in wheat cultivars adapted to
the PNW and by studying the association between this expression and drought stress
tolerance during grain filling.11
Materials and Methods
Plant material
Seven winter wheat cultivars, 'Stephens', 'Gene', 'Rod', 'Hiller', 'Rohde',
'Connie', and 'TAM 105', were evaluated in two greenhouse experimentsunder
stressed (drought) and non-stressed conditions in 1999. Stephens, Gene, andRod are
common soft white genotypes, Hiller, andRohde are soft white club wheats, Connie is
a durum genotype, and TAM 105is a hard red wheat. Cultivars were selected to
represent wheat types and genotypes adapted to the PacificNorthwest of the USA,
with the exception of TAM 105, a cultivar with known drought tolerance adapted to
the central Great Plains of the USA (Winter Ct al., 1988).
Plant growth and trial development
Growth conditions and trial development were the same for both experiments.
Seeds were germinated in plug trays at 20 °C. When seedlings reached the one leaf
stage, they were vernalized for six weeks at 7 °C. Aftervernalization, four seedlings
per cultivar were transferred to 5.6 liter potscontaining a mixture of 25 % peat moss,
25 % silt loam, and 50 % pummice and finally thinned to two plants per pot. Thesoil
was fertilized at a rate of 140 g of NPKfertilizer (16-16-16) and 122 grams of a slow
release fertilizer (15-9-12) per 84 liters of soil mixture. Plants were watered daily at 9
AM, and once a week, a complete nutrient solution was used instead of water. The12
experimental design was a split-plot with three replications. Stress levels (drought and
well-watered conditions) were the main plots, and sub-plot treatments (cultivars) were
arranged in a randomized complete block design. Each sub-plot consisted of six pots
(12 plants). When plants reached flowering, progressive drought was imposed to stress
plots by withholding water, while non-stressed plots continued receiving daily
irrigation. Water withholding started independently for each cultivar as they reached
flowering and continued over a period of ten days. At the tenth day, plants were
irrigated to saturation with the complete nutrient solution (same amount for each pot
and cultivar), to start a second ten-day cycle of progressive drought. Every other day
from flowering (first sampling date) to the end of the second cycle(12thsampling
date),leaf water potential (LWP) was measured using a pressure chamber.
Measurements were made on one flag leaf from a main tiller in all three replications.
All LWP measurements were made between 12 PM and 2 PM. Immediately after
LWP was recorded, the flag leaf (leaf hereafter) plus one main spike per plot were put
in dry ice. When all the determinations were finished, the samples were stored at
80°C. At maturity all plants were hand harvested and the number of spikes, above
ground biomass, yield, weight of 250 grains, harvest index, and the number of grains
per spike were determined.
Western blots
Western blots were performed only on the samples collected in the first
experiment. Twenty grains from the two basal florets of spikelets at the center of each13
sampled spike were removed and lyophilized along with the sampled leaves.
Lyophilized grain and leaf tissues were ground in liquid nitrogen with a mortar and
pestle until the tissue had a powder consistency. Samples corresponding to the three
replications in each treatment (stress and non-stress) per sampling date were bulked to
make one sample, so that 14 samples were analyzed per sampling date. Protein was
extracted by grinding the powdered tissue in the presence of E buffer (125 mM Tris-
HCL pH 8.8, 1 % (w/v) SDS, 10 % (v/v) glycerol, 50 mM Na2S2O2) according to
Martinez-Garcia et al. (1999) until a homogeneous mixture was obtained. The extract
was transferred to a 1.5 ml microfuge tubeand centrifuged at 14000 g for six minutes.
An aliquot of the supernatant was used for protein concentration determinations and
the rest was diluted (1/10 of the volume) with Z buffer (125 mM Tris-HCL pH 6.8, 12
% (w/v) SDS, 10 % (v/v) glycerol, 22 % (v/v) 13-mercaptoethanol, 0.001 %(w/v)
bromophenol blue) (Martinez-Garcia et al., 1999). The total protein concentration of
each sample was determined using the Bio-Rad Protein Assay (Bio-Rad Laboratories,
Hercules, CA). Samples containing 10 ig of total protein extracted from the seven
cultivars (stressed and non-stressed) plus a pre-stained molecular weight marker
(BenchMark, GIBCOBRL, Gamd Island, NY) were electrophoresed in SDS-PAGE
gels (14 % acrylamide) using Mini Protean II cells (Bio-Rad), and transferred to
PVDF membranes using Mini Trans-Blot cells (Bio-Rad). The membranes were
blocked in 5 % non-fat dried milk in phosphate buffered saline overnight at 4 °C.
Transferred proteins were probed with a primary dehydrin antibody (StressGen
Biotechnologies Corp, Victoria, Canada) prepared against a synthetic peptide
containing the conserved lysine rich sequence EKKGIMDKIKELPG (Close et al.,14
1993). Reactive bands were detected with an anti-rabbit IgG secondary antibody
conjugated to horse radish peroxidase (Immunopure, Pierce, Rockford,Il) using a
chemiluminescent substrate (SuperSignal West Pico for HRP, Pierce, Rockford, Ii)
and clear blue x-ray films (CL-XPosure, Pierce, Rockford, Ii). Each western blot was
duplicated. The films were then scanned and band densities estimated using ImageJ
software. Band intensities were expressed as a percentage of the maximum intensity
band in each film. All the sampling dates of the first drought cycle plus the first and
the fourth sampling dates of the second cycle were analyzed.
Statistical analysis
Data analysis were performed by analysis of variance using GLM procedure
(SAS Institute, Cary, NC) on number of spikes, above ground biomass, yield, weight
of 250 grains, harvest index, and the number of grains per spike. To assess the level of
drought tolerance of each cultivar on the studied traits, a drought susceptibility index
(S) (Fisher and Maurer, 1978) was calculated as:
S= (1YD / Yi) / (1YMD/YM!) [1]
whereYDis the plot value for a genotype under stress, Yj is the plot value for the same
genotype under non-stress, andYMDandYMIare the mean value of the experiment
under stress and non-stress conditions, respectively. The rate of decrease in LWP per
day of stress was estimated as the slope of the linear regression of LWP on days of
stress in the first drying cycle.15
Results and Discussion
General results
Significant differences were observed between drought and well-watered plots
(Tables land2)in both experiments for yield (Y) (P< 0.01 and P<0.05,respectively),
number of heads (NH) (P< 0.05 and P<0.01), number of kernels per head(NKH) (P<
0.05 and P< 0.05), kernel weight (KW) (P< 0.05 and P< 0.01),biomass (BM) (P< 0.01
in both cases), and harvest index (HI) (P< 0.01 and P<0.05),showing that the
treatment was effective in imposing stress. The averagereduction (first and second
experiments) in the mean of the of the drought plots compared tothe well-watered
plots were73.6% for Y,50.6% for NH,23.0% for NKH,35.4% for KW,43.6% for
BM, and52.5% for HI (data not shown). In the well watered treatment, average LWP
(over all cultivars in experiments 1 and 2) remained high during all theexperiment
(between-0.64MPa and-0.70MPa). Conversely, in the stress treatment, stress was
progressive with a decrease in the average LWP from-0.64MPa in the first sampling
date to2.32 MPa in the sixth sampling date (Fig. 1 and Table 3).
Drought stress tolerance and dehydrin accumulation
The extent of drought tolerance or susceptibility of each cultivar was
determined by estimating the drought susceptibility index (8) (Fisher and Maurer,Table 1: Mean squares from the analysis of variance of 7 cultivars in the first experiment for yield (Y),
number of heads (NIH), number of kernels per head (NIKH), kernel weight (KW), biomass (BM), and harvest
index (HI).
Mean Squares
Source df HI Y NH NKH KW BM
gplof' gplof' gplof1
0.0037 ** Rep 2 449.3 ns 2159.2** 0.9 ns 1.66* 2095.2 ns
Stress 1 374390.4 **99864.4* 639.9* 230.9 **844050.4 **0.63 15 **
Rep x Stress2 293.6 ns3122.4 ** 36.6ns 3.6 ** 1050.2 ns 0.0004 ns
Cultivar(C)6 3604.1**3296.5 ** 85.7** 12.6**26012.9**0.0027**
C x Stress 6 2905.7 **1895.7 ** 13.6 ns 2.5 ** 10719.4 **0.0008 ns
Residual 24 725.4 368.9 17.9 0.5 2134.2 0.0005
'K, **Significant at 0.05 and 0.01 probability levels, respectively; nsnon-significant.Table 2: Mean squares from the analysis of variance of 7 cultivars in the second experiment for yield (Y),
number of heads (NH), number of kernels per head (NKH), kernel weight (KW), biomass (BM), and harvest
index (HI).
Mean Squares
Source df Y NH NKH KW BM HI
gplof1 gplof1 gplof1
Rep 2 443.3 ns 824.6ns 30.7 ns 1.3 ns 325.7 ns 0.001 ns
Stress 1 69389.5 **52930.5 ** 211.1* 92.1 **255840.1 **0.181 **
Rep x Stress2 1246.9 ** 211.7 ns 12.3 ns 0.2 ns 154.3 ns 0.008 **
Cultivar(C)6 4072.4**3097.1**300.l** 35* 18427.3** 0.036**
C x Stress 6 956.5 ** 1746.9* 31.3 ns 2.2 ns 57734 ** 0.003*
Residual 24 245.5 620.1 38.9 1.1 973.6 0.001
** Significant at 0.05 and 0.01 probability levels, respectively; ns = non-significant.2 3 4 5 6
n
-0.5 NnSss
-1
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Sampling Date
Figure 1: Observed LWP (MPa) for non-stress and stress treatments averaged overthe seven cultivars studied in the first and
second experiments.19
Table 3: Mean leaf water potentials(first and second experimentscombined) of the
seven cultivars foreach sampling date during thefirst drought cycle, and mean rate
of decrease in leaf waterpotential (RD Y) for plots under stress.
CultivarStress (MIPa) in Sampling Dates RD
LevelFirstSecondThirdFourthFifthSixth(MPa day-i)
Gene NSt-0.65-0.70-0.65-0.58-0.54-0.56
Gene S -0.65-0.83-0.77-1.06-1.22-1.46 -0.16
Rod NS -0.69-0.72-0.70-0.67-0.62-0.61
Rod 5 -0.66-1.00-1.47-1.74-2.08-2.60 -0.38
StephensNS -0.59-0.75-0.77-0.67-0.66-0.67
StephensS -0.58-1.01-1.09-1.52-1.89-2.43 -0.35
Rohde NS -0.65-0.73-0.68-0.62-0.58-0.61
Rohde S -0.61-0.98-1.18-1.51-1.85-2.53 -0.36
Connie NS -0.74-0.70-0.66-0.63-0.59-0.62
Connie S -0.76-0.90-1.02-1.13-1.33-1.99 -0.22
TAM1O5NS -0.55-0.59-.060-0.62-0.68-0.74
TAM1O5S -0.55-0.65-0.96-1.34-1.57-2.47 -0.36
Hiller NS -0.60-0.74-0.75-0.60-0.60-0.59
Hiller S -0.64-1.03-1.18-1.42-2.11-2.75 -0.39
Average NS -0.64-0.70-0.69-0.63-0.61-0.63
Average S -0.64-0.91-1.10-1.39-1.72-2.32
Stress.20
1978). This index measures the ratio of the stress to well-irrigated plot values of a trait
for each genotype in relation to the same ratio for the mean of all genotypes in the
experiment (Clark et al., 1992). Hence, two genotypes with similar proportional
reduction from stress to well-watered conditions will show a similar S value, even if
one is a high yielding genotype and the other a lowyielding genotype. The combined
analysis of variance for S (Table 4) showed significant differences between cultivars
for yield (Sy) (P< 0.01), number of heads(SNH) (P< 0.01),number of kernels per head
(SNKH)(P< 0.01), kernel weight(SKW)(P< 0.05), biomass(SBM)(P< 0.01), harvest
index(S111)(P< 0.05), and the rate of reduction in LWP (RD V) (P< 0.05).
Dehydrinexpressioncharacteristicallyfollowsstressthatproduces
dehydration, such as drought, extracellular freezing, or salinity (Close, 1997) and
many studies have shown the association betweendehydrins and tolerance to these
stresses (Bettey et al., 1998; Cellier et al., 1998; Giordani et al., 1999; Ismail et al.,
1997; Lim et al., 1999; Zhu et al., 2000). In the present study, seven cultivars were
tested under progressive stressfor dehydrin accumulation. The antibody used
recognized a dehydrin protein of 24.4 kDa (24 kDa hereafter) in all leaf sampling
dates. In the first and second (not shown) sampling dates (zero and two days of
progressive stress respectively), the 24 kDa dehydrin levels were low and were present
in all cultivars under stressed and non-stressed conditions with similar intensity. Table
3 and Fig. 1 show that average LWP for stress and non-stress was the same for the
first sampling date (- 0.64 MPa), but at the second sampling date, LWP started to
decrease (- 0.7 MPa vs - 0.91 MPa, respectively). Similarly, a 25 kDa dehydrin was
observed in wheat and barley seedling shoots as a response to dehydration (Close andTable 4: Combined analysis of variance (first and second experiments) for thedrought susceptibility
index of yield (Sy), number of heads(SNH),number of kernels per head(SNJ),kernel weight(SKW),
biomass(SBM),and harvest index(SHI),and for the rate of decrease in leaf water potential (RD).
Mean Squares
Source Df Sy SNH SNijI SKW SBM SHI RD Y'i
Exp. 1 0.001 ns0.035 ns3.105 **0.041 ns0.045 ns0.05 ns0.07 **
Rep(Exp) 40.Ol3ns0.096ns0.357ns0.114ns0.Ol7ns0.O7lns0.Olns
Cultivar(C)60.047**0.507**1.403**0.330*0.150**0.101*0.05**
High vs Low 10.083*1.537 **0.647*1.655 **0.284 **0.026ns0.11 **
C x Exp. 6 0.019 ns0.123*0.584 **0.163 ns0.075 **0.057 ns0.02 **
Residual 240.013 0.044 0.131 0.098 0.013 0.031 0.005
** Significant at 0.05 and 0.01 probability levels, respectively; ns = non-significant.22
Chandler, 1990). Lim et al. (1999), reported a 25 kDa dehydrin associated to leaf
freezing tolerance in Rhododendron, and Bettey et al. (1998) reported the expression
of a 23 kDA dehydrin during seed development under drought stress in brassica
[Brassica camp estris (rapa) L.].Dehydrins of similar estimated size also were
observed in seeds of barley (25 kDa), onion(Alium sativa L.) (26 kDa), tomato
(Licopersicum esculentum L.) (26 kDa), cotton (Gossypium hirsutum L.), cowpea (29
kDA), and cucumber (Cucumis sativus L.) (21 kDa) (Close et al., 1993).
Dehydrins generally accumulate as a response to dehydrative stresses or during
late stages of embryogenesis (Campbell and Close, 1997), but they were also detected
under non-stress conditions in wheat seedlings (Houde et al., 1992) and during seed
development in brassica (Bettey et al., 1998). At the third sampling date (four days of
stress), cultivars showed differences in the accumulation of the 24 kDa dehydrin
between stressed and non-stressed conditions, with the exception of Hiller and Rod
(Fig. 2 and 3). The average relative intensity was 76 % for stress and 39 % for non-
stress. Under stress, the relative intensity of the dehydrin protein in Connie, TAM 105,
Gene, and Stephens was significantly higher than the rest of the cultivars. The fourth
sampling date (six days of stress) presented a similar pattern with the same four
cultivars plus Rhode showing the most intense bands (Fig. 4 and 5) under stress and a
higher average intensity in the stress treatment than in the non-stress treatment (81 %
and 46 %, respectively). When dehydrin expression was analyzed relative to the leaf
water status of the plants, greater differences in the average LWP were observed on
the third and fourth sampling dates (- 0.69 MPa vs - 1.10 MPa and - 0.63 MPa vs -
1.39 MPa, respectively), indicating an association between dehydrin expression andStress Non-Stress
CRh '1'HU SR H 1'CRhS RU
A
r I
24 kDa
4
Figure 2: Western blot of dehydrins from leaves collected on the third sampling date in cultivars Connie (C), Rhode
(Rh), TAM1O5 (T), Hiller (H), Gene (G), Stephens (S), and Rod (R), under stress and non-stressed treatments.Stress Non-Stress
Rh TRG SC HRhT RG SC H
24 kDa
Figure 4: Western blot of dehydrins from leaves collected on the fifth sampling date in cultivars Connie (C), Rhode (Rh),
TAM 105 (T), Hiller (H), Gene (G), Stephens (S), and Rod (R), under stress and non-stressed treatments.27
increased drought stress conditions. By the fifth sampling date (Fig. 6)(eight days of
stress), the stress level increased as indicated by a greaterdifference in the average
LWP of non-stressed (- 0.61 MPa) vs stressed plots (- 1.72 MPa)(Table 4). However,
the average intensity of the 24 kDa dehydrin under stress(80 %) was similar to the
average intensity under no stress (76 %)(Fig. 7). In the sixth sampling date (ten days
of stress), the greatest difference in the average LWP was observedbetween stress and
non-stress treatments (- 0.63 MPa vs - 2.32 MPa).Nevertheless, the 24 kDa dehydrin
band, as in the fifth sampling date showed similar relative intensitiesin non-stressed
(85 %) and stressed (81 %) conditions (Fig. 8 and 9). At thefirst and second sampling
dates of the second drought cycle dehydrin levels were similar between stressand non-
stress treatments (not shown).
Dehydrins accumulation in response to drought is expected, however, the
presence of the 24 kDa dehydrin in allsampling dates and with similar intensity for
stress and non-stress treatments in the fifth andsixth sampling dates was unexpected,
and a possible explanation must be addressed. It is likely thatthese observations
represent normal expression at this stage of grain development.In our studies, stress
treatment started at flowering by withholding water in stressedplots or by continuing
the irrigation during all the grain filling period in the non-stressedplots. Other authors
have reported that the initiation of grain filling is coincident with thebeginning of
senescence in wheat leaves (Bendellaand Paulsen, 1998; Simpson, 1968). Loss of
chloroplast integrity with disintegration of their membranes at early senescence,
increasing protein and chlorophyll degradation, and changes in thecomposition and
physical state of membranes, are some of the changes associated with leaf senescenceStress Non-Stress
CRhT HG SR HT CRhS RG
24kDa
Figure 6: Western blot of dehydrins from leavescollected on the fifth sampling date in cultivars Cormie (C),
Rhode (Rh), TAM1O5 (T), Hiller (H), Gene (G), Stephens (5), and Rod (R), under stress andnon-stressed treatments.Stress Non-Stress
CRhT HG SR HT CRhS RG
24 kDa
Figure 8: Western blot of dehydrins fromleaves collected on the sixth sampling date in cultivars Connie (C), Rhode (Rh),
TAM 105 (T), Hiller (H), Gene (G), Stephens (S), and Rod (R),under stress and non-stressed treatments.32
(Thomas and Stoddart, 1980). A proposed role of dehydrins is a synergistic action
with compatible solutes in the cytoplasm to stabilize macromolecules and proteins
against denaturation (Close, 1996; Asghar et al., 1994). Hence, a plausible explanation
for our results is that the accumulation of dehydrins in leaf tissue of non-stressed
plants starts with the onset of senescence. In our study, the accumulation of the 24 kDa
band in non-stressed plants increased progressively as days after flowering increased,
regardless of the relatively constant leaf water status.
In contrast to leaves, our western blots demonstrated the presence of multiple
dehydrins in grain. In the first sampling date, no dehydrin bands were observed, while
the second sampling date showed one weak band of an estimated 66 kDa (Fig. 10).
This protein and an additional 37 kDa dehydrin were observed as weak bands in the
third (Fig. 11), fourth, and fifth (not shown) sampling dates. By the sixth sampling
date, the same 66 and 37 kDa bands and several other bands were present, however,
no clear differences between stress and non-stress treatments emerged(Fig. 12). Two
bands of 31 kDa and 29 kDa were present in grains from Connie (weak under stress
and non-stress) and Gene (stress). Gene grains also contained a faint 22 kiDa band.
Faint bands ranging from 18-22 kDa also were observed under no stress in Connie,
TAM1O5, and Hiller, and under stress in Stephens and Rod. In the fourth sampling
date of the second cycle, 14 different bands ranging from 19-132 kDa were present
(Fig. 13). These results are similar to those reported by Close et al. (1993), who found
dehydrins from 15 to 150 kDa, and mentioned that 10 discrete bands can be observed
in the barley cultivar Himalaya. Despite the number of dehydrins detected, and in
contrast to our observations in leaves, there was no apparent association betweenStress Non-Stress
CRhT HG SR HI CRhS RG
66kDa
Figure 10: Western blot of dehydrins from grains collected on the second sampling date in cultivars Connie (C), Rhode (Rh),
lAM 105 (1), Hiller (H), Gene (G), Stephens (5), and Rod (R), under stress and non-stressed treatments.Stress Non-Stress
CRhT HG SR HT CRhS RG
66kDa
37 kDa
Figure 11: Western blot of dehydrins from grains collected on the third sampling date in cultivars Connie (C), Rhode (Rh),
TAM1O5 (T), Hiller (H), Gene (G), Stephens (5), and Rod (R), under stress and non-stressed treatments.Stress Non-Stress
CRhT HG SR HTCRIIS RG
66 kDa
37 kDa
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Figure 12: Western blot of dehydrins from grains collected on the sixth sampling date in cultivars Coimie (C), Rhode (Rh),
TAM 105 (T), Hiller (H), Gene (G), Stephens (S), and Rod (R), under stress and non-stressed treatments.Stress Non-Stress
CRhT H GS RH TCRhS RG
-
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Figure 13: Western blot of dehydrins from grains collected on the fourth sampling date of the second drought cycle in cultivars
Connie (C), Rhode (Rh), TAM1O5 (T), Hiller (H), Gene (G), Stephens (5), and Rod (R), under stress and non-stressed treatments.37
drought stress and dehydrin expression in grains. The accumulation was progressive
with very weak bands through the fifth sampling date. Bands were more apparent at
the sixth sampling date (first cycle) and fourth sampling date of the second drought
cycle (18 days after flowering). Therefore, the accumulation seems to be a result of the
natural loss of moisture experienced as seeds mature. The accumulation of LEA
proteins has been reported in embryo tissues at the onset of maturity (Dure et al.,
1989).
To study the relation between leaf dehydrin accumulation and drought
tolerance, the third sampling date, which showed the earlier differences in dehydrin
expression between stress and non-stress treatments, was analyzed. A contrast
between the cultivars with high (Connie, TAM1O5, Gene, and Stephens) and low
(Rod, Hiller, and Rohde) accumulation of the 24 kDa dehydrin revealed significant
differences for Sy (P< 0.05) with a lower mean for the high intensity group (Table 3).
Cultivars showing lower S values are more tolerant to stress, since they have a lower
reduction in the value of a trait from non-stress to stress conditions in comparison to
the overall reduction observed for all cultivars (see Eq. [1]). Consequently, the
significantly lower Sy mean for the high intensity group indicates a positive
association between the accumulation of the 24 kDa dehydrin protein and drought
tolerance. Based on the LSD (Table 5) test, Connie, TAM1O5, and Gene, showed the
lowest values for Sy, and Hiller and Rohde the Sy highest values. Stephens did not
show differences with the Low intensity group and Rod, a cultivar belonging to this
group did not show differences with Connie, TAM1O5,and Gene.Table 5: Mean stress susceptibility index (combined over experiments) of wheat cultivars
for yield (Sy), number of heads(SNH),number of kernels per head(SNJcj),kernel weight
(SKW),biomass(SBM),and harvest index(SHI).
Cultivar Stress Susceptibility Index (5)
Sy SNH SNKH SKW SBM SHI
Hiller 1.08 1.26 1.51 0.99 0.94 1.17
Rohde 1.05 1.21 1.13 0.71 1.03 0.99
Stephens 1.04 1.09 1.48 1.19 1.00 1.12
Rod 0.92 1.02 0.62 0.76 0.91 0.85
TAM1O5 0.90 0.71 0.93 1.31 0.84 0.84
Gene 0.88 0.86 0.88 1.17 0.77 0.89
Connie 0.88 0.45 2.05 1.21 0.57 0.97
LSD (0.05) 0.13 0.25 0.43 0.37 0.13 0.2139
The presence of the 24 kDa dehydrin also was associated with the leaf water
status of the plants. The analysis of variance for the rate of decrease in LWP per day
of stress (RD) during the first drying cycle in the stressed plots, revealed significant
differences (P< 0.01) for the contrast between high and low dehydrin intensity (Table
4). The mean RD Sin the high intensity group was higher than the mean in the low
intensity group (-0.27 Mpa day' vs 0.37 Mpa day'), indicating that cultivars having
a higher intensity for 24 kDa dehydrin alsomaintained a higher LWP during the cycle.
Since LWP is an estimation of the stress intensity experienced by leaves (Cellier et al.,
1998), our results show a physiological relation between dehydrin proteins and
tolerance. This also may partially explain the lower reduction in yield under stress
observed in the high intensity group of cutivars.
Significant differences for the high and low intensity contrast were also
observed inSNH (P< 0.01), SNKH(P< 0.05),SKW(P< 0.01), andSBM(P< 0.01), whileSHI
did not show significant differences (Table 4). A pattern similar to Sy was found in
SNH, SNKH,andSBMwith low values for Connie, TAM1O5, and Gene, intermediate for
Stephens and Rod, and low for Hiller and Rohde (Table 5). Conversely, Hiller, Rohde
and Rod showed lowerSKWvalues than Connie, TAM1O5, and Gene. Yield
components were analyzed to observe how the reduction in yield under stress occurred
in some cultivars. Connie, TAM 105, and Gene were the most tolerant cultivars, but
showed different strategies to minimize yield reduction. These three cultivars had less
reduction in the number of heads compared to the rest of the cultivars, but Connie
showed the significantly lowestSNHand the highestSNKH,while TAM 105 and Gene
had low values for bothSNKHandSNH.Apparently, tolerance to yield reduction under40
stress was accomplished by retaining more heads in Connie (significantly higher than
the rest of the cultivars) and by retaining heads and setting more grains in TAM1O5
and Gene.
Dehydrins were found to be associated to drought stress tolerance (Labhilili et
al., 1995; Bettey et al., 1998; Cellier et al., 1998; Giordani et al., 1999), freezing
tolerance (Houde et al., 1992; Ismail et al., 1997; Lim et al., 1999; Zhu et al., 2000),
and salt tolerance (Galvez et al., 1993) in different plant species including wheat.
Although there has been a significant progress in the understanding of the function of
dehydrins, their specific role remains unknown. Based on their physical properties, a
proposed role as stabilizers of membranes and macromolecules in the cytoplasm is
proposed (Campbell and Close,1997). An interaction between dehydrins and
membranes was suggested inArabidospsisby in vitro studies of freezing tolerance
(Tomashow et al., 1996). Moreover, Danyluk et al. (1998) provided evidence of the
accumulation of the WCOR41O dehydrin protein near the plasma membrane during
cold acclimation of wheat, and suggested a protective role of the plasma membrane in
plants subjected to stress.
The results obtained in the present study indicate that the accumulation of a 24
kDa dehydnn proteininleaves was associatedtodroughtstresstolerance
characterized by a lower reduction in yield and in the rate of decrease in leaf water
potential in Connie, TAM1O5, Gene and Stephens. Differential accumulation can be
the result of differences in gene regulation or in genomic organization (i.e. higher
number of gene copies) (Lahibilili et al., 1995). Rod represented an exception to this
association since it showed a lower accumulation of the dehydrin protein in the third41
and fourth sampling dates, but its Sy did not show differences with the most tolerant
cultivars or with Stephens and Rohde. Although the accumulation of dehydrin
transcripts was associated to drought tolerance, a cause and effect relation can not be
clearly established since other physiological or biochemical mechanisms (i.e. osmotic
adjustment, water use efficiency or the endogenous levels of abscisic acid) may also
explain the degree of drought tolerance of the cultivars. Which mechanisms conferred
drought tolerance to Rod cannot be established, but apparently the accumulationof
dehydrin proteins have a lower effect than in Connie, TAM 105 or Gene. Crossing Rod
with Gene, another soft white cultivar, may by an interesting alternativein an attempt
to combine the effect of the higher accumulation ofdehydrins with other mechanisms
that confer stress tolerance.
The observed association between the 24 kDa dehydrin and drought stress
tolerance is promising, but more studies to confirm the results are needed. Two
cultivars contrasting in both tolerance and dehydrin accumulation, should becrossed
and the segregatingF2used to retest the association and to see if differential
expression is related to allelic differences. Additionally, thisF2population or a derived
recombinant inbred line population can be developed to study the association of
dehydrin genes and any phenotypic characteristic associated to stress tolerance in a
QTL analysis, to potentially use molecular marker information to enhanceselection
processes to improve the genetic adaptationof wheat cultivars to drought. Dehydrin
genes were associated to QTLs for abscisicacid accumulation under stress in wheat
(Quarrie et al., 1994), and for anthesis-silking interval and yield under stress in maize
(Quarrie et al., 1996).42
Despite the fact that the specific role remains unknown (Campbell and Close,
1997), significant progress has been achieved and as more dehydrin genes are mapped
and sequenced and their expression pattern studied, the opportunities to use dehydrins
in improving the genetic adaptation of plant to drought stress will increase.43
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Improving drought tolerance in wheat is a major goal in breeding programs,
because most producing regions of the world, are subjected to water deficits during
some part of the growing season (Moustafa etal., 1996). In the Pacific Northwest of
the USA (PNW), winter wheat is generally sown after a dry summer into stored soil
moisture and water deficits often present at emergence limit seedling growth.
Consequently, improving the genetic adaptation of wheat to drought stress is one of
the main objectives for wheat breeding programs in the PNW.
In Mediterranean environmentslikethe PNW, dry conditions during
emergence and early growth along with low temperaturesduring winter and high
temperatures and increasing water demands at the end of spring, result in low yields
due to the inability of plants to produce adequate dry matter (Regan et al., 1992).
Increased early vigor has been indicated as a trait that can be used to improve drought
responses to drought stress (Turner and Nicholas, 1987;Slafer and Araus, 1998).
Lopez-Castafieda et al. (1996) suggested that early vigor might cause lower water
evaporation from the soil resulting in more water available for transpiration and
growth, and in a better competition with weeds.
Reduction in cell division and cell expansion, vegetative and reproductive
growth, photosynthesis, leaf water potential, pollen viability and seed set along with
stomatal closure, alteration of gene expression and abscisic acid concentration aresome of the morphological, physiological and biochemical adaptations observed as a
response of plants to drought stress (Quarrie, 1981; limes et al., 1984; Zeng and King,
1986; Quarrie et al. 1988).
An observed biochemical response to a range of abiotic stresses with a
dehydrative component such as drought, salinity, or extracellular freezing, is the
accumulation of specific proteins called dehydrin. Dehydrins, also known as late
embryogenesis abundant (LEA) Dli (Dure, 1993), represent an inmunologically
distinctfamilycharacterizedbyaconsensusaminoacidsequence
(EKKGIMDKIKELPG) present in the carboxy terminus of the proteins (Close et al.,
1993). Dehydrin proteins have been identified in at least 30 diverse plant species
(Campbell and Close, 1997) and can be recognized by using antibodies prepared
against the consensus sequence (Close et al. 1993).
Many authors have observed an association between tolerance to dehydrative
stresses and dehydrin proteins at seedling stage. Houde Ct al. (1992), found an
association between the presence of a specific dehydrin (WSC 120) and freezing
tolerance in eight species of gramineae. Tolerance to chilling temperatures was also
suggested to be associated to the presence of a 35 kDa dehydrins in cowpea [Vigna
ungiculata (L.) Waip] (Ismail et al., 1997). Using two sub lines with similar genetic
background, one possessing and one lacking the 35 kDa dehydrin, they showed an
association between the presence of this dehydrin and chilling tolerance during
emergence. Lim et al. (1999), also found a positive association between cold hardiness
and a dehydrin protein in Rhododendron. Danyluk et al. (1998) provided evidence for
the accumulation of the WCOR41O dehydrin protein near the plasma membraneduring cold acclimation of wheat, and suggested a role in the protection of the plasma
membrane in plants subjected to stress. Zhu et al. (2000) found a higher expression of
dehydrin genes in the development of freezing tolerance in a more tolerant barley
(Hordeum vulgare L.) cultivar (Dicktoo) than in a less tolerant one (Morex). Cellier et
al. (1998), using two sunflower (Helianthus annus L.) inbred lines, one tolerant and
one susceptible to drought stress, showed ahigher accumulation of mRNA transcripts
corresponding to HaD1m 1, and HaDhn2 genes in the tolerant line that was associated
with cellular turgor maintenance under drought stress. Therefore,it would be
interesting to test the hypothesis that dehydrins are related to drought stress tolerance
in cultivars adapted to the PNW.
The purpose of this research was i) to evaluate seven wheat cultivars adapted
to the PNW for the presence and accumulation of dehydrin proteins under stress,and
ii) to study the possible association between dehydrins and drought stress tolerance
during the seedling stage.50
Materials and Methods
Plant material
Seven winter wheat cultivars, 'Stephens', 'Gene', 'Rod', 'Hiller', 'Rohde',
'Connie', and 'TAM 105', one barley cultivar, 'Strider', and onetriticale cultivar,
'Celia', were evaluated in two greenhouse experiments under stressed (drought)and
non-stressed conditions in 1999. Stephens, Gene, and Rod are common soft white
genotypes, Hiller, and Rohde are soft white club wheats,Connie is a durum genotype,
and TAM 105 is a hard red wheat. Cultivars were selected to represent genotypes
adapted to the Pacific Northwest of the USA, with the exception of TAM 105, a
cultivar with known drought tolerance, adapted to the central Great Plains of the USA.
Plant growth and trial development
Growth conditions and trial development were the same for both experiments.
A system similar to the one developed by Snow and Tingey (1985) wasused to
impose drought stress. Pots with sterilized sand were placed on top ofcylinders
containing florist foam blocks as a hydraulic conducting medium. Roots were
prevented from growing down the florist foam blocks by using a 5 micron nylonmesh
at the bottom of the pot. The cylinders were connected to a tank(one for the stress
treatment and one for the non-stressed control) containing acomplete nutrient
solution. Seeds of each cultivar were germinated at 20 °C for 48 h and, seedlings were51
selected for size and vigor. Ten seedlings of each cultivar were planted in a row with
each pot containing three cultivars. Subsequently, the pots were placed in containers
with a complete nutrient solution for 15 days (when the seedlings had approximately
three leaves) and then transferred to the cylinders where the experiment started (first
day). By using a floating valve in each tank, the water table was maintained at 4 cm
from the bottom of the pots in the non-stressed treatment and at 12 cm in the stressed
treatment (Saulescu et al., 1995). To increase the stress intensity, a ceramic disk (Soil
Moisture Equipment Corp., Santa Barbara, CA) with an air exclusion of 0.5 MPa was
inserted between the base of the pot and the florist foam in the stress treatment. The
experimental design was a split-plot with four replications. Stress levels (drought and
well-watered conditions) were the main plots, and sub-plot treatments (cultivars) were
arranged in a randomized complete block design. From the first to the fifth day of
treatment, leaf water potential (LWP) was measured using a pressure chamber. LWP
was measured for each cultivar and stress treatmentcombination on one of the last
fully expanded leaves in three replications. All LWP measurements were made
between 12 PM and 2 PM. Immediately after LWP was recorded, one seedling of each
plot was cut and put in dry ice. When all the determinations in the experiment were
finished, the samples were stored at 80°C. After five days of treatment, plants were
allowed to grow for an additional week to assure a measurable difference in the shoot
dry matter accumulation between stress and non-stressed treatments. At that time, the
remaining plants were cut at the soil level and stored at 80 °C.52
Western blots
All sampled seedlings were lyophilized and total dry weight per plot was
recorded. Samples were then ground to a powder in liquid nitrogenwith a mortar and
pestle. Samples corresponding to the four replications in each treatment(stress and
non-stress) within a sampling date were bulked to make one sample, so that 14
samples were analyzed per sampling date. Protein was extracted bygrinding the
powdered tissue in the presence of E buffer (125 mM Tris-HCL pH 8.8, 1 % (w/v)
SDS, 10 % (vlv) glycerol, 50 mM Na2S2O2) according to Martinez-Garcia et al. (1999)
until a homogeneous mixture was obtained. The extract was transferred to a 1.5 ml
microfuge tube and centrifuged at 14000 g for six minutes. An aliquot of the
supematant was used for protein concentration determinations andthe rest was diluted
(1/10 of the volume) with Z buffer (125 mM Tris-HCL pH 6.8, 12 % (w/v) SDS, 10 %
(v/v) glycerol, 22 % (v/v) 0-mercaptoethanol, 0.001 % (w/v) bromophenol blue
(Martinez-Garcia et al., 1999). The total protein concentration of each sample was
determined using the Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA).
Samples containing 10 tg of total protein extracted from the seven cultivars(stressed
and non-stressed)plusa pre-stained molecular weight marker(BenchMark,
GIBCOBRL, Garnd Island, NY) were electrophoresed in SDS-PAGE gels(14 %
acrylamide) using Mini Protean II cells (Bio-Rad), and then transferred to PVDF
membranes using Mini Trans-Blot cells (Bio-Rad). The membranes were then blocked
in 5 % non-fat dried milk in phosphate buffered saline overnight at 4 °C. Transferred53
proteins were probed with a primary dehydrin antibody (StressGen Biotechnologies
Corp, Victoria, Canada) prepared against a synthetic peptide containing the conserved
lysine rich sequence EKKGIMDKIKELPG (Close et al., 1993). Reactive bands were
detected with an anti-rabbit IgG secondary antibody conjugated to horse radish
peroxidase (Immunopure, Pierce, Rockford,Il) using a chemiluminescent substrate
(SuperSignal West Pico for HRP, Pierce, Rockford, II) and clear blue x-ray films (CL-
XPosure, Pierce, Rocford, Ii). Western blots were performed for all sampling dates of
the first experiment.
Statistical analysis
Data analysis was performed by analysis of variance using GLM procedure
(SAS Institute, Cary, NC) on dry weights. To assess the level of drought tolerance of
each cultivar on the studied traits, drought susceptibility index (S) (Fisher and Maurer,
1978) was calculated as:
S=(1-YD/YI)/(l -YMD/YMI) [1]
WhereYDis the plot value for a genotype under stress, Y1 is the plot value for the
same genotype under non-stress, andYMDandYMIare the mean value of the
experiment under stress and non-stress conditions, respectively. The rate of decrease
in LWIP per day of stress was estimated as the slope of the linear regression of LWP
on days of stress.54
Results and Discussion
General results
Significant differences were observed between stress treatments(drought and
well-watered plots) for shoot dry matter accumulation inthe first (P< 0.01) and in the
second (P< 0.01) experiments, indicating theeffectiveness of the treatment to impose
stress (Tables 1). The reduction in dry matteraccumulation of drought plots compared
to well-watered plots was 35.2 % (5.14 g vs3.33 g, respectively) in the first
experiment and 37.5 % (4.73 g vs 2.98 g, respectively)in the second experiment.
Drought susceptibility index (8) (Fisher and Maurer,1978) was calculated to
determine the extent of drought tolerance or susceptibilityof each cultivar. This index
measures the ratio of the stress towell-irrigated plot values of a trait for each genotype
in relation to the same ratio for the mean of all genotypesin the experiment (Clark et
al., 1992). Hence, two genotypes with similarproportional reduction from stress to
well-watered conditions will show a similar S value, even if oneis a high yielding
genotype and the other a low yielding genotype.The combined analysis of variance
(Table 2) showed significant differences betweencultivars for the shoot dry matter
susceptibility index(SDM) (P< 0.01).
In the well watered treatment, average LWP (overall cultivars in experiments
1 and 2) remained high during all experiments(from 0.66 MPa to 0.7lMpa). In55
Table 1: Mean squares from the analysis of variance of 7 cultivars in thefirst and
second experiments for shoot dry weight.
Mean Squares
Source df Shoot Dry Weight (g)
First Experiment Second Experiment
Rep 3 3.72* 2.17*
Stress 1 46.23 ** 43.08 **
RepxStress3 0.57ns O.8lns
Cultivar (C)6 1.84 ns 2.06*
C x Stress 6 0.57 ns 0.66 ns
Residual 36 0.93 0.70
** Significant at 0.05 and 0.01 probability levels, respectively; ns = non-
significant.56
Table 2: Combined analysis ofvariance (first and second experiments)for the
drought susceptibility index ofshoot dry matter production(SDM),and for the rate of
decrease in leaf water potential (RDY).
Mean Squares
Source Df SDM RD (MPaday4)
Exp. 1 0.0321ns 0.0030**
Rep(Exp) 6 0.1856ns 0.0007ns
Cultivar (C) 6 0.3019 ** 0.0008 ns
High vs Low 1 0.9975 ** 0.000 1 ns
C x Exp. 6 0.2022* 0.0004 ns
Residual 36 0.0790 0.0003
** Significant at 0.05 and 0.01 probability levels,respectively; ns = non-
significant.57
contrast, the stress treatments showed a progressive decreasein the average LWP from
0.66 MPa in the first sampling date to1.96 MPa in the sixth sampling date (Table 3
and Fig. 1). However, there were no significant differences in the rateof reduction of
L\VP per day of stress (RD Vi).
Dehydrin accumulation and stress tolerance
The seven cultivars were examined under progressive drought stress for the
accumulation of dehydrin proteins. Dehydrins are usually found in cerealseedlings
under gradual stress (Close and Chandler, 1990). By the first sampling date (zerodays
of stress, Fig.2) the LWP in stress and non-stress treatments were similar (-0.66MPa
vs 0.64 MPa, respectively), as expected,and no dehydrins were detected. In the
following days, drought stress progressed as indicated by the LWPdifferences
between well-watered and stress plots that increase from 0.65 MPa to 0.78 MPain
the second sampling date, to 0.63 vs 1.10 MPa in the third samplingdate. However,
no dehydrin bands were observed in anycultivar at this point.
On the fourth sampling date (four days of stress, Fig. 3), wheredifferences in
LWP increased from -0.69 MPa to 1.31 MPa, a main dehydrin band of 24kDa was
detected under stress in cultivars Connie, TAM 105, and Gene. Gene alsoshowed an
additional 19 kDa faint band. No dehydrins were observed in the othercultivars under
stress or in any cultivar in the non-stress treatment. At thefifth sampling date (-0.66
MPa vs 1.47 MPa) the same 24 kDA dehydrin was present again (Fig. 4) in the same
three cultivars under stress plus faint bands between 14 kDA and 19 kDA, but no58
Table 3: Mean leaf water potentials(first and second experimentscombined) of the
seven cultivarsfor each sampling date, and meanrate of decrease in leaf water
potential (RD ) for plots under stress.
CultivarStress Y (MPa) in SamplingDates RD S
LevelFirstSecondThirdFourthFifthSixth(MPa day-i)
Gene NSt-0.61-0.63-0.65-0.69-0.66-0.67
Gene S -0.62-0.79-1.10-1.27-1.49-1.90 -0.24
Rod NS -0.66-0.68-0.65-0.71-0.69-0.71
Rod S -0.62-0.91-1.14-1.40-1.41-1.81 -0.23
StephensNS -0.65-0.65-0.61-0.67-0.63-0.68
StephensS -0.68-0.78-1.14-1.25-1.50-2.00 -0.22
Rohde NS -0.62-0.58-0.63-0.70-0.62-0.63
Rohde 5 -0.67-0.74-1.08-1.19-1.50-1.85 -0.24
Connie NS -0.61-0.62-0.58-0.64-0.65-0.71
Connie S -0.66-0.76-1.11-1.24-1.47-1.91 -0.25
TAM1O5NS -0.62-0.66-.060-0.70-0.68-0.72
TAM1O55 -0.58-0.72-1.07-1.22-1.35-1.78 -0.25
Hiller NS -0.66-0.65-0.63-0.68-0.65-0.67
Hiller S -0.65-0.71-1.06-1.36-1.40-1.92 -0.25
Average NS -0.64-0.65-0.63-0.69-0.66-0.69
Average S -0.66-0.78-1.10-1.31-1.47-1.96
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Figure 1: Observed LWP (MPa) for non-stressand stress treatments averaged over
the seven cultivars studied in the first andsecond experiments.RhT RG SC HRhTR GCH +
Figure 2: Western blot of dehydrins fromleaves collected on the first sampling date
in cultivars Coimie (C), Rhode (Rh), TAM1O5(T), Hiller (H), Gene (G), Stephens
(S), and Rod (R), under stress andnon-stressed treatments. +, positive control.St rc s Non-Stress
RbI RG S C IIRhT R
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Figure 3: Western blot of dehydrinsfrom leaves collected on the fourth samplingdate in cultivars Connie (C),
Rhode (Rh), TAM 105 (T), Hiller (H), Gene (G), Stephens(S), and Rod (R), under stressand non-stressed treatments.
-SStress Non-Stress
Rh TRG SC HRhT RG SC H
24 kDa
Figure 4: Western blot of dehydrins from leaves collected on the fifth sampling date in cultivars Connie (C), Rhode (Rh),
TAM 105 (T), Hiller (H), Gene (G), Stephens (5), and Rod (R), under stress and non-stressed treatments.63
dehydrins were observed in any other sample (stress or non-stress). As mentioned by
Close et al. (1993) these faint bands can be either intact proteins or degradation
products. Similar results were obtained in wheat and barley seedlings by Close and
Chandler (1990), who observed a 25 kDa and faint bands between 18 and 21 kDa
under stress while no dehydrin proteins were found in well watered plants.
Only by the sixth sampling date, when seedlings experienced 12 days of
progressive stress and the average LWP was 0.69 MPa for well watered plots and
1.96 MPa for stressed plots, dehydrin proteins appeared in Hiller (24 kDa), Stephens
(19 kDa), and Rohde (19 kDa) under stress (Fig. 5). Although it can not be established
in which day the production of dehydrins was induced in those cultivars(since no
samples were collected between days 6 and 11), Connie, TAM1O5, and Gene
produced dehydrins at least 2 days earlier. No significant differences among the seven
cultivars were observed in RD indicating that the imposed water stress was similar
during the experiments for all the cultivars. In spite of the common stress conditions,
Connie, TAM1O5, and Gene accumulated dehydrins at a higher water potential
(around1.31 MPa)than the rest of the cultivars. According to Labhilili et al. (1995),
differential dehydrin accumulation can result from differences in gene regulation or in
genome organization such us a higher number ofdehydrin gene copies.
To determine whether differential expression was related to drought stress
tolerance, a contrast between early (Connie, TAM1O5, and Gene) and late (Rod,
Rohde, Stephens, and Hiller) dehydrin induction was performed forSDM.The contrast
revealed significant differences forSDM(P< 0.01), with a lower mean for the early
production group (0.79 vs 1.06) (Table 2). Cultivars showing lower S values are moreStress Non-Stress
RhT RG SC H +Rh TRG CH
Figure 5: Western blot of dehydrinsfrom leaves collected on the sixth sampling date in cultivarsConnie (C), Rhode (Rh),
TAM 105 (T), Hiller (H), Gene (G), Stephens (S),and Rod (R), under stress and non-stressed treatments. +indicates the
positive control.65
tolerant to stress, since they have a lower reduction in the value of a trait from non-
stress to stress conditions relative to the overall reduction observedfor all cultivars
(see Eq. [1]). Consequently, the significantly lowerSDMmean indicates a positive
association between the presence of dehydrin proteins and drought tolerance. Based on
the LSD test (Table 4) Connie, TAM1O5, and Gene, showed the lowest valuesforSDM
but they did not show differences with Hitler.
Dehydrins were associated with drought stress tolerance (Labhilili et al., 1995;
Bettey et al., 1998; Cellier et al., 1998; Giordani et al., 1999),freezing tolerance
(Houde et al., 1992; Ismail et al., 1997; Lim et at., 1999; Zhu et at., 2000), and salt
tolerance (Galvez et at., 1993) in different plant species including wheat. Based on
their physical properties, a role in stabilizing membranes and macromolecules in the
cytoplasm is proposed (Campbell and Close, 1997). An interaction between dehydrins
and membranes was suggested inArabidospsisby in vitro studies of freezing tolerance
(Tomashow et at., 1996). Moreover, Danyluk et al. (1998) provided evidence forthe
accumulation of the WCOR4IO dehydrin protein near the plasma membrane during
cold acclimation of wheat, and suggested a protective role of the plasma membranein
plants subjected to stress. Although, the specific role of dehydrinsremains unknown
(Campbell and Close, 1997), as more dehydnn genes are mapped and sequenced,and
their expression pattern studied, the opportunities for the use of dehydrinsin
improving the genetic adaptation to drought stress will increase.
In the present study, the presence of dehydrin proteins in leaves ofseedlings
was related to drought stress tolerancecharacterized by a tower reduction in the shoot
dry matter production in the most tolerant cultivars Connie, TAM 105, and Gene.Table 4: Mean drought susceptibility index(combined over experiments) of wheat
cultivars for shoot dry matter production.
Cultivar Shoot Dry Matter Drought
Susceptibility Index(SDM)
Hiller 0.82
Rohde 1.13
Stephens 1.08
Rod 1.23
TAM1O5 0.72
Gene 0.83
Connie 0.83
LSD (0.05) 0.2867
Stress tolerance during the seedling stage is very important in areas of the PNW with
low annual rainfall (around 300 mm), where stress can reduce seedling growth
(Donaldson, 1996). Tolerant cultivars should be able to grow more vigorously, cover
more ground area and reduce the loss ofsoil water by evaporation. Although early
vigor may be a disadvantage if too much water is extracted early from thesoil, it is
usually mentioned as an advantage in wheat for yield (Turner andNicholas, 1987;
Slafer and Araus, 1998).
Dehydrins have been found to be associated with cold tolerance in many plant
species, a desirable characteristic for cultivars adapted to the PNW,where low
temperatures during winter can produce crop damage. However, twoof the cultivars
showing early dehydrin production (Gene and Connie), are less winter hardythan the
other cultivars used in this study. This characteristic may suggest theinduction of
different dehydrin genes during cold stress, the absence of the 24 kDA dehydrin, orif
present, a lower effect of this dehydrin on cold tolerance.
In another study, the same seven cultivars were evaluated in two green house
experiments where plants were subjected to drought stress at grain filling. Connie,
TAM 105 and Gene also were the most tolerant cultivars,showing higher dehydrin
expression a 24 kDa dehydrin and lower reduction in LWP per day of stress thanthe
rest of the cultivars. The correlation between our resultsin seedlings and adult plants
opens the possibility of usingdehydrins to develop a screening technique to select for
drought stress tolerance, but the results must be confirmed. One approach to confirm
these results is to develop anF2population by crossingtwocultivars contrasting in
drought stress tolerance and in the presence of dehydrins (i.e. Gene and Rohde) toretest the observed association and toinvestigate the inheritance of dehydrin
accumulation. In addition, results obtained from plants stressed under field conditions
should be studied before using dehydrins as a screening technique.References
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Conclusions
A 24 kDa dehydrin protein was present in all leafsampling dates of the adult plant
experiment under stress and non-stress treatments.
In the first and second sampling dates the 24 kDadehydrin levels were low. The first
differences in the accumulation of this dehydrin protein betweenstressed and non-
stressed conditions were observed at the third sampling date.The average relative
intensity was 76 % for stress and 39 % for non-stress. At thethird sampling date under
the stress treatment, the relative intensity of the 24kDa dehydrin protein in Connie,
TAM 105, Gene, and Stephens was significantly higher thanthe rest of the cultivars.
The results indicate that the accumulation of this 24 kDadehydrin protein in leaves
was associated with drought stresstolerance characterized by a lower reduction in
yield and in the rate of decrease in leaf water potential inConnie, TAM 105, Gene and
Stephens.
In contrast to leaves, western blots from grainsshowed an increasing number of
dehydrin bands as days under stress increase. Dehydrins rangein size from 19-132
kDa. Despite the number of dehydrins detected, and in contrast to ourobservations in
leaves, there was no apparent association between drought stressand dehydrin
expression in grains.73
A 24 kDa dehydrin was also observed in theseedling experiment on sampling dates
fourth, fifth and sixth, when cultivars were subjected to stress.No dehydrins were
present in the non-stress treatment. Connie,TAM 105, and Gene started to accumulate
dehydrins at the fourth sampling date, while the rest of thecultivars showed dehydrins
only in the sixth sampling date.
The presence of dehydrin proteins observed in leavesof seedlings was related to
drought stress tolerance characterized by a lower reductionin the shoot dry matter
production in the most tolerant cultivars Connie, TAM 105, andGene.
There was a correlation between the results obtained in adultplant and seedling stages,
where Connie, TAM1O5, and Gene were the mosttolerant cultivars in both
experiments.
Rod in the adult plant experiments and Ruler in theseedling experiments showed
tolerance but not related to the expression of dehydrins.Although which mechanisms
conferred drought tolerance to Rod and Hitler cannot beestablished, these cultivars
can be crossed with Gene (anothersoft white cultivar) in an attempt to combine the
effect of a higher dehydrin accumulation and other tolerancemechanisms.74
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